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Smoke and aqueous smoke extracts enhance both seed germination and seedling vigour in a wide variety of plants. The butenolide, 3-methyl-
2H-furo[2,3-c]pyran-2-one, has been identified as a highly active germination promoter from plant-derived smoke. The present study was
undertaken to determine the cytokinin- and auxin-like activity of the smoke-derived butenolide using the soybean callus and mungbean
rooting bioassays respectively. A range of butenolide concentrations (10−20–10−8 M) were tested alone and supplemented with either
2.5×10−8 M (5 μg/L) kinetin or 10−7 M indole-3-butyric acid (IBA) in the soybean callus and mungbean bioassays respectively. In the soybean
callus bioassay, a concentration-dependent response was recorded for both the fresh and dry weight of calli after 28 days in culture. The cellular
dimensions of calli grown in the various treatments were statistically insignificant (p≤0.05) indicating that the increased weight of the callus is
due to an increase in cell number rather than a change in cellular dimensions. Cytokinin-like activity of the butenolide (10−18–10−10 M) was
equivalent to 2.5×10−8 M kinetin. Butenolide treatments supplemented with 2.5×10−8 M kinetin increased the response of the calli with the
optimum treatment (10−16 M butenolide) having activity equivalent to 5×10−8 M (10 μg/L) kinetin. A similar concentration-dependant response
was recorded in the mungbean bioassay. The optimum butenolide concentration (10−6 M) for auxin-like activity was equivalent to 10−7–10−6 M
IBA. The addition of 10−7 M IBA to the various butenolide treatments increased the rooting response with the optimum treatment (10−18 M
butenolide) having activity equivalent to 10−6–10−5 M IBA. These results demonstrated that the smoke-derived butenolide has both cytokinin-
and auxin-like activity when applied at low concentrations as well as a synergistic effect when application is combined with either kinetin or IBA,
depending on the bioassay.
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The ability of plant-derived smoke to break dormancy and
stimulate germination was first reported by De Lange and
Boucher (1990) for Audouinia capitata, a fynbos species
growing in a fire-prone habitat. Since this discovery, the
application of smoke and aqueous smoke extracts has been
shown to improve seed germination in a wide range of plants
from many families, irrespective of their fire sensitivity (Dixon
et al., 1995; Pierce et al., 1995; Roche et al., 1997; Brown and⁎ Corresponding author.
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doi:10.1016/j.sajb.2007.10.008Botha, 2004). This phenomenon and its potential application in
seed technology have been extensively discussed in a number of
reviews (Brown and Van Staden, 1997; Van Staden et al., 2000;
Light and Van Staden, 2004).
Smoke contains several thousand compounds (Maga, 1988).
A highly active germination promoting compound has recently
been identified as a water soluble butenolide, 3-methyl-2H-furo
[2,3-c]pyran-2-one, from the smoke of burnt fynbos Passerina
vulgaris Thoday and the grass Themeda triandra L. (Van
Staden et al., 2004) as well as from the combustion of cellulose
(Flematti et al., 2004). This compound is able to stimulate
germination at very low concentrations (10−9 M; Flematti et al.,
2004; Van Staden et al., 2004).
Although most research has focused on smoke as a
germination cue for the release of seed dormancy, there ists reserved.
Fig. 1. Cytokinin-like activity detected using the soybean callus bioassay where the callus was weighed after 28 days growth. Results are presented as fresh weight of
the callus grown on basal medium supplemented with the smoke-derived butenolide compound (A) and kinetin (B) and the dry weight of the callus grown on medium
supplemented with the butenolide compound (C) and kinetin (D). The solid line represents the callus grown on the control basal medium (no butenolide or kinetin) and
the dotted line the callus grown on basal medium supplemented with 2.5×10−8 M kinetin. Each value represents mean±standard error.
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effects. Various smoke treatments and butenolide applications
are able to improve seedling vigour and survival rates in some
South African indigenous medicinal plants (Sparg et al., 2005),
a commercial maize cultivar (Sparg et al., 2006), rice (Kulkarni
et al., 2006), vegetables such as tomatoes, okra and beans (Jain
and Van Staden, 2006; Van Staden et al., 2006), grasses (Baxter
and Van Staden, 1994; Blank and Young, 1998) and woody
Acacia species (Kulkarni et al., 2007). Improved seedling
vigour included increased leaf production, shoot length and root
mass. Smoke extracts are also able to stimulate other growth
processes such as somatic embryogenesis (Senaratna et al.,
1999), flowering (Keeley, 1993) and rooting (Taylor and Van
Staden, 1996). These results show that the active butenolide
compound in smoke plays a regulatory role in plant develop-
ment. As all these physiological effects are in part controlled by
plant growth regulators (PGR), indications are that the smoke
extracts interact in some way with endogenous PGRs (Van
Staden et al., 2000).
The isolation of this very active butenolide in its pure form
was a major breakthrough, with research now focusing on
characterizing the mode of action and physiological mechan-
isms by which smoke stimulates both seed germination and
other growth responses. The aim of the present study was toinvestigate the effect of the smoke-derived butenolide in two
bioassays used to measure cytokinin- and auxin-like activity
respectively and its interaction with cytokinins and auxins. The
butenolide compound (3-methyl-2H-furo[2,3-c]pyran-2-one)
was isolated and purified from smoke-saturated water derived
from burned Passerina vulgaris Thoday and Themeda triandra
L. as described by Van Staden et al. (2004).
2. Materials and methods
2.1. Soybean callus bioassay
Cytokinin-like activity of the butenolide compound was
tested by measuring the rate of cell division using the soybean
callus bioassay. Three-week-old callus derived from soybean
seed (Glycine max L. cultivar Acme) that had been growing on
modified Milller's medium supplemented with kinetin (Miller,
1965) was used for the bioassay. Media was prepared to give a
range of butenolide concentrations (10−20–10−8 M) either
alone or supplemented with 2.5×10−8 M (5 μg/L) kinetin.
Kinetin solutions of 5×10−9 M, 2.5×10−8 M, 5×10−8 M,
1×10−7 M and 2.5×10−7 M (1, 5, 10, 20 and 50 μg/L kinetin)
were also prepared as a standard. Media (15 mL) were
dispensed into Erlenmeyer flasks (50 mL) and autoclaved.
Table 1
Cellular dimensions of soybean callus grown for 28 days on Miller's medium
supplemented either with the smoke-derived butenolide compound, kinetin or a
combination of the two
Treatment Cell dimensions
Length (μm) Width (μm)
Control 14.18±0.61a 11.07±0.39a
2.5×10−8 M kinetin 14.97±0.46a 12.56±0.51a
2.5×10−7 M kinetin 15.01±0.32a 12.98±0.32a
10−8 M butenolide 13.89±0.87a 11.65±0.71a
10−8 M butenolide+ 2.5×10−8 M kinetin 15.06±0.63a 12.08±0.45a
10−16 M butenolide 15.38±0.41a 12.61±0.72a
10−16 M butenolide+ 2.5×10−8 M kinetin 14.63±0.46a 12.19±0.63a
Results are presented as mean±standard error (n=85). Values followed by the
same letter are not statistically significant from each other (p≤0.05).
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of 3-week-old stock soybean callus was placed in each
flask and incubated at 25±2 °C under continuous low light
(10 μmol/m2/s) for 28 days. Each concentration was replicated
five times and the experiment repeated twice. After 28 days, the
three pieces of calli were weighed as a single weight (fresh
weight). Cellular dimensions were measured in selected treat-
ments by mounting a small piece of fresh callus in 50% glycerol
(v/v) on a glass slide. After placing the coverslip, the callus was
tapped gently to break the cell clumps. The slides were observed
under a microscope and cellular dimensions recorded using a
calibrated ocular micrometer. These results were statistically
analyzed using the MINITAB version 14 (Minitab Inc., USA).
Data were subjected to one-way analysis of variance (ANOVA).
Fisher's least significant difference (LSD) at the 5% level was
used to analyze the differences. The callus from each flask was
then placed in pre-weighed aluminum foil packets and dried at
40 °C for 7 days, cooled in a desiccator and weighed (dry
weight). An increase in the callus weight indicated the relative
amount of cell division over 28 days.Fig. 2. Auxin-like activity detected using the mungbean rooting bioassay, of the smo
number of roots initiated in water (control) and the dotted line the number of roots i2.2. Mungbean bioassay
Auxin-like activity of the butenolide compound was tested in
the mungbean rooting bioassay (Hess, 1961). Mungbean seeds
(Vigno mungo L.) were surface sterilized in 3.5% (w/v) NaOCl
for 20 min at room temperature, thoroughly rinsed with tap
water and imbibed in water for 6 h at room temperature. The
seeds were then planted in moist vermiculite-filled trays and
grown at 26 °C in a 16 h: 8 h light: dark photoperiod with a light
intensity of 160 μmol/m2/s for 10 days. The seeds were watered
regularly. Test solutions were prepared at a range of butenolide
concentrations (10−20–10−8 M), either alone or supplemented
with 10−7 M indole-3-butyric acid (IBA). A dilution series of
IBA (10−7–10−3 M) was also prepared as a standard. After
10 days, 12 cm uniform mungbean cuttings were made and five
cuttings placed in each glass vial containing 20 mL of test
solution. These were incubated for 6 h at 26 °C in the light. The
cuttings were then removed from the test solution, rinsed with
water and placed in glass vials containing water for 10 days.
Water was added to the glass vials if required. After 10 days at
26 °C in a 16 h: 8 h light: dark photoperiod with a light intensity
of 160 μmol/m2/s, the number of roots was recorded for each
cutting (Crouch and Van Staden, 1991). There were four
replicates of five cuttings for each treatment.
3. Results
The soybean callus showed a linear response in yield (both
fresh and dry weight) when grown in increasing concentrations
of kinetin (Fig. 1B and D). The smoke-derived butenolide
compound was able to stimulate cell division in the soybean
callus bioassay with a concentration-dependent response
observed for both the fresh and dry weight of the callus.
The optimum range of the butenolide compound that resulted
in the highest callus yield (FW) was 10−18–10−10 M with
yields equivalent to callus grown on media supplemented
with 2.5×10−8 M kinetin. The growth response declinedke-derived butenolide compound (A) and IBA (B). The solid line represents the
nitiated in 10−7 M IBA treatments. Each value represents mean±standard error.
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synergistic effect was observed when the callus was grown
on media containing both the butenolide compound and
2.5 × 10−8 M kinetin with an optimum concentration
(10−16 M butenolide) resulting in a callus yield similar to that
grown on media supplemented with 5×10−8 M kinetin (Fig. 1A
and B). No significant differences (p≤0.05) were recorded in
the cellular dimensions of callus grown in the various treatments
(Table 1) indicating that the butenolide apparently only
influenced the rate of cell division and not the dimensions
of the cells. A similar trend was recorded for the dry
weight of the callus with an optimum butenolide concentration
(10−18–10−14 M) showing activity equivalent to 2.5×10−8 M
kinetin while optimum butenolide treatments (10−20–10−12 M
butenolide) supplemented with 2.5×10−8 M kinetin had activity
equivalent to 5×10−8–1×10−7 M kinetin (Fig. 1C and D).
The mungbean cuttings showed a linear response in the
number of roots initiated when grown in increasing concentra-
tions of IBA (Fig. 2B). The smoke-derived butenolide
compound was also able to stimulate rooting in mungbean
cuttings with a concentration-dependent response. The opti-
mum butenolide concentration (10−16 M) had a rooting
response equivalent to 10−7–10−6 M IBA. There was a gradual
decline in the number of roots initiated at both higher and lower
butenolide concentrations (Fig. 2A). A synergistic effect was
observed between the butenolide compound and 10−7 M IBA.
These treatments initiated considerably more roots compared to
the treatments where butenolide was applied alone. The
optimum treatment (10− 18 M butenolide+10−7 M IBA)
resulted in a rooting response equivalent to 10−5 M IBA
(Fig. 2A and B).
4. Discussion
There are several studies that show that smoke extracts
exhibit hormone-like responses and interact with PGRs. For
example, there is an increase in putative GA measured using the
dwarf rice microdrop assay in smoke-treated lettuce seeds
compared to red light-treated seeds (Gardner et al., 2001). In the
present study, the pure butenolide exhibited cytokinin- and
auxin-like activity, stimulating cell division in the soybean
callus bioassay and rooting in the mungbean bioassay
respectively. This response is not necessarily due to the
butenolide substituting for a PGR. Rather, the observed
response may be due to the butenolide interacting with
endogenous hormones already present in the bioassay systems.
This is the first report of synergistic effects between the
isolated butenolide compound and cytokinins (kinetin) and
auxins (IBA). There are other reports of aqueous smoke extracts
having synergistic effects with PGRs. When smoke water and
gibberellin (GA3) were applied alone, they were not able to
break thermodormancy in lettuce seeds while a combination
of smoke water and gibberellins was effective. Similarly, a
combination of smoke water and cytokinin (BA) was more
effective in breaking thermodormancy in lettuce seeds com-
pared to cytokinins applied alone (Strydom et al., 1996). The
breaking of phytochrome-mediated dormancy in celery seeds isenhanced with the application of gibberellins and an additional
“permissive” compound such as cytokinins, ethephon, dami-
nozide and fusicoccin. Application of gibberellin (GA4/7) and
smoke water were also effective in breaking dormancy in celery
seeds while smoke water applied alone could not break this
dormancy (Thomas and Van Staden, 1995). Another study
found that smoke extracts did not induce somatic embryos in
geranium (Pelargonium hortorum Bailey) when applied alone
but acted synergistically with the inductive signal (thidiazuron)
to produce the highest number of somatic embryos (Senaratna
et al., 1999).
The results of the present study show an interaction between
the smoke-derived butenolide and exogenous cytokinins
(kinetin) and auxin (IBA) with physiological responses being
enhanced in both bioassays. The broad response explains how
applications of smoke extracts can enhance seed germination,
seedling vigour and many other growth processes. The mode of
action of this active butenolide compound is still unknown. It
has been suggested that the smoke compound acts either by
modulating the sensitivity of the tissue to PGRs, activation of
enzymes or by modifying the receptor molecules (Thomas and
Van Staden, 1995). The isolation of this active butenolide from
plant-derived smoke will now enable research to be conducted
on the interaction of this compound with PGRs.
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